chronic kidney disease and the age of the patients. In a recent Chinese study, diagnostic needle aspiration and laparoscopic unroofing surgery successfully improved infection, pain, and hypertension. Peritoneal dialysis was found to be a feasible treatment for most Chinese ADPKD patients with ESRD. In most Western centers, patients without contraindication are selected for peritoneal dialysis. Kidney transplantation with concurrent bilateral nephrectomy was successful in relieving hypertension and infection in Chinese ADPKD patients. In Western countries, sequential surgical intervention with kidney transplantation after nephrectomy, or the other way round, is preferred in order to reduce risks. (3) The vasopressin 2 receptor antagonist tolvaptan was approved in Europe, Canada, Japan, and Korea to slow down progression of kidney disease in ADPKD patients. Tolvaptan is not yet approved in the USA or in China. mTOR pathway-targeting drugs are currently under evaluation: mTOR inhibitors could slow down the increase in total kidney volume in a cohort of Western and Japanese ADPKD patients. Western studies as well as an ongoing study in China failed to show benefit from rapamycin. A study performed in Italy indicates
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary kidney disease [1] [2] [3] . It represents the fourth most common cause of end-stage renal disease (ESRD) in Western countries, accounting for ∼ 10% of European patients on dialysis [4] . In most of the patients, ADPKD is associated with a progressive increase in kidney volume and decline in glomerular filtration rate (GFR) [5] . More than 50% of patients with ADPKD require renal replacement therapy by the age of 60 years [4] . ADPKD is characterized by the progressive development of bilateral renal cysts, resulting in urine concentration defects, enlargement of the kidney volume due to cystic formations, hypertension, hematuria, acute and chronic pain, cyst and urinary tract infections, and loss of renal function [6, 7] . It is a slowly progressing disease, with compensatory hyperfiltration of the unaffected tubuli maintaining the GFR within a normal range for a long time [8] . In addition, ADPKD is a multisystemic disease with several extrarenal manifestations including hepatic cysts (in >90% of patients aged >35 years), pancreatic cysts, intracranial aneurysms, colon diverticulosis, and heart valve defects.
ADPKD is associated with high inter-and intrafamilial variability in disease appearance and progression. Its clinical presentation ranges from asymptomatic to severe impairment due to enlargement of the kidneys and the liver. Disease progression is only partially indicated by specific gene mutations.
The management and treatment strategies for ADPKD have not progressed for a long time. Until now, supportive therapy has been the only available treatment. Recently, new therapeutic options were identified, with specific drugs based on the mechanisms of kidney progression [9] .
Prevalence
ADPKD is one of the leading causes of ESRD, but estimates of its prevalence vary more than 10-fold. Approximately 1 in every 400-1,000 live births suffers from ADPKD in Western countries [10, 11] . It is estimated that only half of these cases will be diagnosed during a patient's lifetime as the disease might be clinically inapparent [1] .
Population-based studies in a European population determined prevalence rates between 2.41 and 3.89/10,000 [12, 13] . The European Renal Association and European Dialysis and Transplantation Association (ERA-EDTA) registry data provided prevalence data of 3.29/10,000 [14] . Therefore, ADPKD belongs to the category of rare diseases in Europe (prevalence threshold <5/10,000).
Genetics and Pathophysiology
ADPKD is a hereditary kidney disease of autosomal dominant inheritance. ADPKD is caused by mutations in the polycystic kidney disease 1 (PKD1) or 2 (PKD2) gene with the gene products polycystin-1 and -2, nonselective calcium-permeable channels of TRPP2 (transient receptor potential PKD-like 2) [15] . The spontaneous mutation rate is high at up to 8%. Approximately 85% of families with ADPKD have an abnormality on chromosome 16 (PKD1 locus) [6] . In 15% of the patients, APDKD is caused by a defect that involves a gene on chromosome 4 (the PKD2 locus).
Patients with PKD1 mutations typically have a more severe phenotype than those with PKD2 mutations [16] .
Cysts occur earlier in PKD1 disease, as does ESRD (mean age: 54.3 years in PKD1 vs. 74.0 years in PKD2 disease) [3, 17] . Consequently, false-negative results occur more often when screening young subjects with PKD2 disease.
Ciliary disorders are identified as a cause of cystic kidney diseases [18] . The impact of cilia on renal cyst growth is not completely elucidated, but cilia seem to be responsible for well-ordered cell division and cell migration along the axis of the nephron [19, 20] . Vasopressin and the associated cyclic adenosine monophosphate (cAMP)-related signaling pathways have been demonstrated to be important contributors to cyst growth in ADPKD. The mTORC1 (mammalian target of rapamycin complex 1) signal cascade seems to be more active in ADPKD, and cAMP production is increased [21] . cAMP is associated with enhanced ion and fluid secretion in the lumen of the cyst followed by cyst growth [22] . The vasopressin 2 receptor blocker inhibits the antidiuretic hormone-dependent production of cAMP. This pathophysiological background was the basis for clinical studies on the mTOR inhibitors sirolimus and everolimus, as well as on the vasopressin V2 receptor antagonist tolvaptan, as specific treatment.
Diagnosis and Management
Diagnosis of ADPKD is the result of radiological imaging [3] . The US Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP) documented that kidney enlargement is the first manifestation of the disease [5] . Typical findings are multiple middle-sized cysts within both kidneys increasing to a total kidney volume (TKV) of more than 1 liter prior to deterioration of renal function [23] . Ultrasonography is most commonly used as the imaging modality. The accuracy of ultrasound in diagnosing ADPKD is about 96% in young patients aged between 15 and 29 years; it is not possible to completely rule out the disease with imaging tools.
Important factors related to the diagnosis of ADPKD include any family history of the disease, the number and types of renal cysts, and the age of a patient. Currently, genetic testing is regularly irrelevant to a definitive diagnosis. In clinical practice, genetic testing is restricted to potential living related kidney donors with negative scans and atypical presentations, especially for patients with a negative family history [7, 24] . Genetics may become more important if better correlations between genotypes and phenotypes can be identified, and if there are consequences for treatment. Screening of asymptomatic children with a positive family history has not been recommended, due to missing specific treatment options [25] . Screening of children has been limited to measurement of blood pressure as the most important risk factor. In the future, there might be a paradigm shift, as high-risk patients can be detected and specific treatment might be started earlier [26] . A flow diagram on the diagnostics and management of ADPKD is provided in figure 1 .
ADPKD progression is highly variable even among individuals within one family, making the prediction of progression for one patient a very challenging process. In the absence of reliable biomarkers, disease modeling may play a role in defining the wider clinical assessment of atrisk patients and assist in practical decision-making [27] . As shown by the CRISP study, total renal volume is the best predictor of progression of chronic kidney disease (CKD) [28] . According to the Kidney Disease -Improving Global Outcomes (KDIGO) Conference in 2014, a baseline examination to determine kidney size is recommended, as TKV is associated with risk of progression and renal failure [25] . TKV can be ascertained by standardized MRI protocols in specialized centers using an ellipsoid formula. ADPKD patients aged below 30 years with a TKV above 1,500 ml are likely to be fast progressors and may require renal replacement therapy within the following 20 years even if their current kidney function is normal. In addition, a recent study demonstrated that in patients with estimated GFR (eGFR) above 70 ml/ min/1.73 m 2 , a TKV of more than 650 ml as measured by ultrasound, or a kidney length longer than 16.5 cm, is a predictor of a decrease in renal function with a sensitivity of 70% and specificity of 71% [29] .
Other prognostic factors include age, gender, renal function, macrohematuria, and onset of arterial hypertension. Clinical data on disease progression are currently collected in a European study on spontaneous disease progression [30] . Individual risk assessment will be essential for patient-centered treatment decision-making in the future.
Treatment

General Treatment
Until recently, no interventions were available to slow the rate of disease progression in ADPKD. Supportive treatments were recommended at the February 2014 KDIGO Controversies Conference, with the aim of reducing morbidity and mortality associated with disease manifestations [25] . Normalization of blood pressure, a salt-reduced diet, sufficient fluid intake (2-3 liters/day), avoidance of smoking and nephrotoxic agents such as nonsteroidal anti-inflammatory drugs, as well as restriction of caffeine were suggested [31] . Of all, the most important supportive treatment was optimization of blood pressure.
Hypertension is a very common complication of ADPKD, occurring in 60-80% of ADPKD patients early in disease progression. Effective treatment of hypertension is very important to decrease morbidity and mortality of ADPKD patients. Activation of the renin-angiotensin-aldosterone system (RAAS) seems to play a major role in the pathogenesis of hypertension in ADPKD [32] . Based on pathogenic data on hypertension in ADPKD patients, the best treatment of this disease is RAAS inhibitors with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers.
Generally, a target blood pressure below 140/90 mm Hg was recommended [33] . However, the HALT-PKD study advised strict blood pressure control [34, 35] . The HALT-PKD study was a US multicenter trial conducted on more than 1,000 ADPKD patients for 5.5 years. In patients with eGFR above 60 ml/min/1.73 m 2 , a target blood pressure of 110/70 mm Hg was suggested, especially in young patients with a high progression risk. In CKD stage 3, the target blood pressure should be below 120/80 mm Hg. Double RAAS blockade with a target blood pressure of 120/80 mm Hg or less had no beneficial effects but did 124 increase complications among older ADPKD patients [35] . These study results are widely discussed. Especially in patients with CKD stage 4, such a strict blood pressure control is not advisable, due to possible negative effects on renal function. Blood pressure measurements should be validated by 24-hour blood pressure profiles at least once a year.
Specific Treatment
In the past years, several agents have been investigated in ADPKD patients, including mTOR inhibitors, somatostatin analogs, statins, and vasopressin V2 receptor antagonists [9] . Inhibition of mTOR activity has been investigated in multiple clinical studies [36, 37] . The study results showed that TKV growth was slowed by mTOR inhibitors, but renal function did not consequently improve. Another specific treatment approach used somatostatin analogs to inhibit cAMP production by the stimulation of Gα i . In the ALADIN study, the increase in TKV was lower in patients treated with the somatostatin analog octreotide long-acting release compared to controls within the first year, but a positive effect could not be detected after 3 years of treatment [38] . Octreotide longacting release might be a promising specific treatment for patients with liver cysts; this agent significantly reduced the liver volume, and the reduction was maintained 2 years after treatment had ended [39] . In a small singlecenter study, pravastatin delayed the increase in TKV in young ADPKD patients [40] . However, long-term multicenter studies on statins and ADPKD are missing.
The vasopressin V2 receptor antagonist tolvaptan is the first pharmaceutical agent approved to slow disease progression in ADPKD patients. The vasopressin 2 receptor blocker inhibits the antidiuretic hormone-dependent production of cAMP and reduces cyst growth.
The TEMPO 3: 4 trial tested the efficacy of tolvaptan [41] . In this trial, 1,445 patients with ADPKD were randomized to receive either placebo or tolvaptan at 45 mg in the morning and 15 mg in the afternoon, uptitrated to 90/30 mg if tolerated. All patients were advised to increase fluid intake. Inclusion criteria were an age of 18-50 years, an estimated creatinine clearance (CockcroftGault) above or equal to 60 ml/min/1.73 m 2 and a TKV above or equal to 750 ml. An intention-to-treat analysis of this study showed that tolvaptan reduced the rate of TKV growth (primary endpoint) from 5.5 to 2.8% per year, and the rate of eGFR loss (secondary endpoint) from -3.70 to -2.72 ml/min/1.73 m 2 per year during the 3-year observation time [41] . When studying the incidence of a 25% reduction in eGFR, there was a significant 61% relative risk reduction with tolvaptan (the number needed to treat to prevent one event was ∼ 11). Withdrawal from active treatment occurred in 23% of cases in the tolvaptan and 14% of cases in the placebo group. It is assumed that the dialysis-free time might be increased from 4 to 6.5 years if the positive effect of tolvaptan persists over time [42] . However, no study data are available on reducing the incidence of ESRD, due to the short period of observation with a slowly progressive disease [43] . Based on the results of the TEMPO 3: 4 trial, the European Medicines Agency (EMA) approved the use of tolvaptan for ADPKD in May 2015 [44] . The regulatory authorities in Japan, Canada, Korea, and Switzerland recently also granted marketing authorization, whereas in the USA the Food and Drug Administration (FDA) requested further efficacy and safety data on this drug [43] .
According to the EMA label, tolvaptan 'is indicated to slow the progression of cyst development and renal insufficiency of ADPKD in adults with CKD stages 1 to 3 at initiation of treatment with evidence of rapidly progressing disease'. Two issues need to be clarified: first, the CKD stage and age that qualify patients for treatment, and second, how to define 'evidence of rapidly progressing disease' [45] . The decision to start tolvaptan treatment requires the consideration of many factors besides eligibility, such as contraindications, potential adverse events, as well as patient motivation.
The interesting question is: which patients may benefit from tolvaptan treatment? The ERA-EDTA Working Group on Inherited Kidney Disorders and European Renal Best Practice presented a detailed discussion of this very important aspect [45] . According to the EMA decision, tolvaptan is allowed for patients with CKD stages 1-3, that is, an eGFR of more than 30 ml/min/1.73 m 2 . However, the inclusion criterion for the TEMPO 3: 4 study was an estimated creatinine clearance (CockcroftGault formula) above or equal to 60 ml/min/1.73 m 2 [41] . This difference might be softened by knowing that the creatinine clearance overestimates the GFR, and several patients with an eGFR estimated with the CKD-epi formula were enrolled in the TEMPO study [41, 46] . However, the number of patients with CKD stage 3b was very small with 42 patients (i.e. only 3% of the patient cohort). From a scientific and clinical point of view, it might be concluded that there are no reliable results on tolvaptan treatment for patients with CKD stage 3. The ERA-EDTA recommendation states that the information on the benefit-to-risk ratio regarding tolvaptan in patients with CKD stage 3b is too limited to advise treatment [45] .
ADPKD patients with CKD stage 1 were excluded from tolvaptan treatment by the UK National Institute for Health and Care Excellence (NICE) recommendations [47] . This decision was based on a cost-effectiveness analysis that was performed on the TEMPO 3: 4 study data. The effect of tolvaptan in decreasing the rate of change in eGFR was 16, 29 , and 31% at CKD stage 1, 2, and 3, respectively [48] .
However, the eGFR remains stable for a long time; therefore, it is difficult to assess disease progression by changes in GFR at this early CKD stage. The decrease in TKV growth with tolvaptan versus placebo was 40, 60, and 40% at CKD stage 1, 2, and 3, respectively [48] , and even this patient cohort might benefit from tolvaptan treatment. Nonetheless, it has also to be kept in mind that in this patient cohort, treatment will last many years and there are no safety and efficacy data on patients on tolvaptan treatment for more than 10 years. According to the ERA- 
Indication
To slow progression of cyst development and renal failure in adult ADPKD patients with CKD stages 1 -3 with fast disease progression
Contraindications
Elevated liver enzymes or other signs of liver impairment; hypersensitivity; volume depletion; hypernatremia; patients who cannot feel or respond to thirst; pregnancy or breast-feeding; incompliance to monthly liver enzyme control
Special warnings
Idiosyncratic hepatotoxicity; urine outflow obstruction; access to water or dehydration; fluid and electrolyte disturbances; anaphylaxis, lactose, or galactose intolerance; diabetes mellitus; increased uric acid; interactions with drugs metabolized by CYP3A inhibitors, CYP2A inducers, and CYP3A substrates; digoxin or other drugs which may increase sodium concentration; vasopressin analogs; skin inspections at regular intervals (neoplasia); measurements of the intraocular pressure at regular intervals (glaucoma) ADPKD = Autosomal dominant polycystic kidney disease. EDTA, in this patient cohort tolvaptan should be limited to ADPKD patients with rapidly progressive disease [45] .
According to the EMA, all ADPKD patients older than 18 years are eligible for treatment. However, the TEMPO 3: 4 study inclusion criteria require a patient age between 18 and 50 years [41] . Therefore, data on safety and efficacy are missing for patients older than 50 years. In addition, the ERA-EDTA did not recommend treating patients aged 40-50 years with an eGFR above 60 ml/ min/1.73 m 2 (CKD stages 1 and 2) as well as patients aged 30-40 years with an eGFR above 90 ml/min/1.73 m 2 (CKD stage 1), since these patients show slowly progressive disease [45] .
Major side effects of tolvaptan comprise polyuria and nocturia caused by inhibition of the effect of antidiuretic hormone as well as liver toxicity ( table 1 ). The risk of dehydration and increase in liver enzymes in particular has to be taken into account, and regular follow-up visits including detailed documentation are necessary. Detailed knowledge of ADPKD diseases and its management has to be demonstrated prior to obtaining the approval for tolvaptan prescription (in Germany). Tolvaptan therapy costs are high and might be comparable to the annual costs of hemodialysis treatment in Europe [4, 49] .
The general recommendations by the ERA-EDTA Working Group concerning tolvaptan treatment in ADPKD are given in table 2 . These recommendations are based on the Mayo classification for prediction of disease progression in ADPKD by TKV and age [50] . A brief description of the Mayo class 1 data is provided in table 3 .
Due to the multiple side effects of this drug, it is necessary to clearly identify those patients who may benefit from treatment. However, the decision on starting tolvaptan treatment is always an individual one, taking into account a patient's risk profile and motivation.
Conclusions
ADPKD is one of the leading causes of ESRD. It is a systemic disease. Its diagnosis is made by ultrasound; genetic testing is developing and might be important in the future. The most important supportive treatment is regulation of blood pressure. Recently, a specific treatment option was introduced with tolvaptan, a vasopressin 2 receptor antagonist. Whereas the EMA approved the release of tolvaptan, the FDA requested further information on side effects and the selection of patient cohorts who may benefit from treatment. Another international multicenter study is currently conducted to investigate its efficacy and safety in ADPKD patients with chronic kidney failure (eGFR 25-65 ml/min/1.73 m 2 ). Patients to be treated with tolvaptan have to be selected carefully, and tolvaptan should be restricted to those with rapid disease progression.
